Resistance exercise (RE) has been considered to be an important component in cardiac rehabilitation programs due to its favorable effects on muscle and cardiac function and quality of life (1, 2) . The adequate prescription and supervision of RE enhances muscle strength, endurance and functional capacity, and reduces coronary risk factors (1) (2) (3) (4) . Although RE promotes benefits, it also leads to an overload on the heart and must be carefully prescribed, especially for cardiac patients (5) .
Physical exercise has several different characteristics and the type of exercise is identified by taking into account the dominant mechanical and metabolic characteristics. Dynamic-aerobic exercise (endurance) is characterized by limb movement and the predominance of aerobic metabolism. In contrast, dynamic resistance exercise (strength) consists of limb movement in conjunction with load lifting and predominantly anaerobic metabolism (2) .
It has been well established that there is a reduction of parasympathetic modulation and an increase of sympathetic modulation at the beginning of dynamic aerobic exercise that results in a heart rate (HR) increase dependent on exercise intensity (6, 7) . Vagal modulation again becomes predominant during lower intensities of dynamic exercise, with HR and blood pressure gradually stabilizing. However, at higher intensities, sympathetic tonus continues to predominate and results in increased HR and blood pressure until the end www.bjournal.com.br Braz J Med Biol Res 44 (12) 2011 of the exercise (6, 8) . A marked increase in blood pressure response has been observed during RE, in contrast to dynamic exercise (9, 10) . The increase in blood pressure occurs during repetitions, but if the exercise is not sustained, there will be a return to baseline conditions. Moreover, the blood pressure response in resistance exercise depends on the time of muscle contraction and relaxation, since long terms of contraction lead to an increase in peripheral vascular resistance due to mechanical compression of the vessels (11) . However, to our knowledge, autonomic nervous control during RE has been little studied. Specifically, Simões et al. (12) studied the behavior of cardiac autonomic modulation during leg press RE, which is common in fitness centers and rehabilitation programs. They found that systolic blood pressure (SBP), HR and blood lactate were significantly increased, but that HR variability (HRV) indexes such as root mean square of successive differences (rMSSD) and the standard deviation of the instantaneous beat-to-beat R-R interval variability (SD1) (parasympathetic markers) decreased at peak exercise load when compared to resting values. These results support the notion that RE provokes hemodynamic and autonomic modifications that may be due to metabolic alterations in skeletal muscle. However, the autonomic modulation of HR during upper arm RE, which involves less muscle mass, needs to be investigated. In patients with coronary artery disease (CAD), autonomic balance is impaired and HRV is altered due to a decrease in parasympathetic modulation and an increase in sympathetic modulation, which can lead to a high risk of arrhythmias and sudden death (13) .
Based on these facts, we hypothesized that the autonomic response of patients with CAD differs from that of healthy individuals during incremental RE due to the autonomic imbalance caused by this disease. Therefore, in order to identify at what percentage of 1 repetition maximum (1RM) cardiovascular response becomes more expressive in upper-limb exercise, the behavior of HRV at increments approaching 1RM was analyzed and evaluated in the present study. An additional purpose was to determine the contribution of increased sympathetic and reduced parasympathetic modulation, as well as that of muscle fatigue, during load increments in RE.
Patients and Methods

Subjects
Using the ENE software, version 2.0, the target sample size was calculated to be ten per group considering a 5% type I error, a 2-sided test, and an 80% power to detect a significant difference in HR ~5 beats, according to a previous study from our laboratory that evaluated healthy and CAD populations under resting condition. Thus, a total of 10 male patients with CAD (CAD group, CADG) and 10 apparently healthy age-matched men, who served as the control group (CG), were recruited for this study after clinical evaluation.
All patients were recruited from the physical therapy clinic of our Institution. The Physiotherapy Laboratory posted an announcement at the university inviting healthy subjects to enroll as control subjects for the study.
The CG was composed of occupationally active subjects who had not participated in a physical training (aerobic or resistance exercise) program prior to the study. For inclusion, the CADG was required to have had an established diagnosis of CAD for at least one year, New York Heart Association (NYHA) classification scores I-II, to have been optimally treated for at least one year according to the American Heart Association/American College of Cardiology recommendations (1, 3) , to be clinically stable and with controlled blood pressure (<130/85 mmHg) (14) , considering that 5 CAD patients were taking anti-hypertensive medication. All CAD patients were instructed to maintain the medication prescribed by the cardiologist.
CADG patients had been participating twice a week for at least 12 months in a cardiac rehabilitation program that included only aerobic exercises on a treadmill or cycle. None of the subjects included in the study did regular upper or lower limbs resistance exercises. However, all volunteers (CAD and controls) presented functional capacity between 6 and 8 metabolic equivalents (1) evaluated by clinical exercise testing prior to the proposed protocol. None of the patients were using β-blockers, verapamil or diltiazen. In the clinical tests, the cardiopulmonary exercise test showed that subjects had a regular aerobic capacity (peak oxygen consumption (VO 2 ) between 23-30 mL·min -1 ·kg -1 ) according to the standards of the American Heart Association (15). Moreover, they had no reduced ejection fraction according to two-dimensional echo Doppler cardiography.
Subjects were excluded if they were current smokers or if they presented untreated arterial hypertension or any kind of complex arrhythmia. Further exclusion criteria were the presence of general anemias, metabolic, respiratory or neurological disorders, neuromusculoskeletal disease, or low comprehension capacity. CADG patients were excluded from the study if they had clinical and/or functional evidence of obstructive pulmonary disease (forced expiratory volume in 1 s and forced vital capacity ratio <0.7), diabetes, anemia, unstable angina or significant cardiac arrhythmias, or a myocardial infarction in the previous 12 months. Healthy sedentary controls were excluded if they were taking any medication. Data regarding subject demographics, anthropometrics and medication are shown in Table 1 .
The study was approved by the Ethics Committee on Human Research of the Federal University of São Carlos (#196/2006). All volunteers were instructed about the experimental procedures and, after agreeing to participate, they signed a written informed consent form.
Clinical examination
All volunteers underwent clinical evaluation by a cardiologist before the study. This examination consisted of anamnesis, 12-lead electrocardiography (ECG), and incremental symptom-limited exercise testing. Blood analyses were performed and hemoglobin, total cholesterol and fractions, triglycerides, fasting glucose, and uric acid were evaluated. One week after clinical evaluation, all subjects underwent cardiopulmonary exercise testing with expired gas analysis (CPX-D, Medical Graphics, USA) in order to evaluate peak oxygen consumption (VO 2 peak).
Procedures
The volunteers were physically and anthropometrically evaluated (Welmy scale and stadiometer, Brazil) and body mass index was calculated. The subsequent evaluations (maximum load determination and incremental RE) were performed one week apart.
All experiments were carried out in the morning (to avoid any circadian effects) in a climate-controlled room at 22-24°C with 50-60% relative air humidity. Each volunteer was instructed to wear comfortable clothes, to avoid alcoholic and caffeinated beverages 24 h prior to the test, to have had a light meal no later than 2 h before the test and to have performed no exhausting exercise on the day before the test. Immediately prior to data collection, the subjects were interviewed to determine if they had a normal night sleep and their HR and arterial blood pressure were measured to ensure that they were within the normal range (<130/85 mmHg) (14) . The volunteers were instructed to remain silent during the tests in order to avoid interference with the ECG signal, except to alert the data collector about any kind of symptoms before, during or after the protocol.
1RM test
To determine the protocol loads for incremental RE, the 1RM test was applied by gradually increasing resistance until the volunteer could successfully complete no more than one repetition on a bench press inclined to 45° (Vitally Convergent, Brazil). During the test, each volunteer remained seated (with foot support) on the equipment with his trunk inclined to 45°, and was instructed to secure an unattached bar that supported the load. During the movement the elbows and shoulders were flexed and then extended to the initial position. Before the test all volunteers were instructed to avoid the isometric component and the Valsalva maneuver by inhaling during elbow flexion (16) . Before the test, a 1-min warm-up was performed with the involved musculature to facilitate motor learning of the exercise technique. The resistance load of 1RM was estimated (1RM-E) before the test by multiplying the body weight of the volunteer by 0.6, which was based on a previous pilot test. After estimating maximum load, a load of 80% 1RM-E was applied to start the test. If this was found to be submaximal, 10% of 1RM-E was added after a minimum of 5 min of rest, which allowed HR and blood pressure to return to base values. If the first attempt was unsuccessful because of excess load, the last 10% 1RM-E load was removed. Based on the estimated loads of 1RM, it was expected that 1RM could be determined within a maximum of 6 attempts (17). Blood pressure was measured at the end of each attempt and after 5 min of rest before another attempt.
Incremental RE protocol
The incremental RE protocol was a progressive discontinuous test. The volunteer remained at rest on the equipment for 10 min. Then, the correct technique for executing the proposed exercise was taught. The incremental RE protocol was initiated at a load of 10% 1RM, with subsequent increases of 10% until reaching a load of 30% 1RM. Subsequently, the incremental adjustments were continued at 5% 1RM until exhaustion, with the objective of increasing the number of sets and allowing better visualization of the physiological adjustments with increasing load. In each set of exercise, the volunteer performed 36 repetitions at a pace associated with respiratory rhythm: 2 s of flexion (inspiration) and three of elbow extension (expiration). Respiratory rhythm was maintained as instructed during all loads, as also was correct movement biomechanics. At the end of each set, a recovery period of 15 min was established so that HR and blood pressure could return to baseline. Loads were increased incrementally until the subject was unable to perform the required number of repetitions within a certain amount of time or until signs or symptoms of intolerance or exhaustion appeared.
During all loads applied in the incremental test, HR was recorded beat-to-beat and the ECG signal was monitored throughout the test. Blood pressure was recorded both at rest and 20 s after the interruption of effort. Muscle fatigue in the upper limbs was evaluated by a visual Borg scale at the end of each set, with 0 representing no symptoms and 10 representing maximal effort (18) .
The criteria for interrupting the load increment protocol were SBP >200 mmHg, HR ≥85% of maximum [HR (220 -age x 0.85)] and the development of any potential arrhythmias. If none of the above changes occurred, the subject continued the test until achieving maximum voluntary exhaustion.
Safety and ECG monitoring during the protocols
During the entire test period, HR was recorded with a HR monitor (Polar Vantage, Finland) linked to an interface (Polar Advantage), which transmitted the data in real time to a microcomputer (Soyo PW 9800 Laptop, USA). Furthermore, the ECG was constantly monitored with a heart monitor (Ecafix TC 500, Brazil) to detect any potential arrhythmias or signs of ischemia that would indicate that the protocol should be interrupted. The appearance of acute electrocardiographic alterations such as atrioventricular block, ST segment depression, or acute arrhythmias (atrial and ventricular ectopy) was monitored. Blood pressure was measured by auscultation (BD sphygmomanometer, Brazil) before and after each maximum load test. The perceived exertion level was obtained with the Borg scale (0-10).
Data analysis
The data captured by the HR monitor were collected at a sampling frequency of 500 Hz, stored in the computer and visually inspected using the Polar Precision Performance software (version 4.01.029, Finland). The data were then filtered by the same software to avoid contamination of the analysis. The moderate power filter included a protection zone of a minimum of 6 bpm. All recorded data presented less than 1.3% of random error.
The sections selected for HR analysis were collected during the initial rest period with the volunteer positioned on the equipment and during the application of percent 1RM increments. The most stable section containing at least 2 min of data collected during the 3 min of exercise in each resistance load effort was selected; the initial 40 s of exercise were excluded because this is the period during which a rapid withdrawal of vagal activity occurs.
The HRV was evaluated with the rMSSD, the root mean square of the differences from the mean interval (RMSM) indexes and the SD1 using Poincaré plotting. The rMSSD and RMSM indexes of the R-Ri were analyzed with a specific routine developed in the Matlab 6.5 software. The rMSSD corresponded to the square root of the sum of the square of the differences between the R-Ri rerecorded, divided by the number of R-Ri within a specified time minus one, which provided information on parasympathetic heart modulation (19, 20) . The RMSM index corresponded to the square root of the sum of the square of the differences of the individual values in relation to the mean value divided by the number of R-Ri within a specified time and was characterized as a marker of total HRV (7) .
Quantitative analysis by Poincaré plotting consisted of plotting each R-Ri as a function of the preceding interval. Through this analysis it was possible to obtain the SD1 index in milliseconds (ms), which provided information on the standard deviation of instantaneous beat-to-beat variability and was characterized as a parasympathetic heart modulation marker (21, 22) .
Statistical analysis
Data distribution was determined by the Shapiro-Wilk test and when normality was confirmed the data were reported as means ± SEM. Two-way ANOVA for repeated measurements was used to compare the variables at different percentages of 1RM, the differences between groups and the values obtained during the rest and the peak conditions. The Tukey post hoc test was used to identify significant differences. The unpaired Student t-test was used to compare Borg scale, 1RM load and maximum load achieved values ( Table 2) .
The probability of a type 1 error was established at 5% for all tests (α = 0.05). Data were analyzed with the Sigma Plot 11.0 software (Systat Software Inc., 2008).
Results
During the protocol, no signs of complex arrhythmia or ischemia were recorded in either group. Moreover, no patient medications were changed during the study. In the CG, only 2 volunteers presented isolated extra-systoles (<2/min). In the CADG, 4 subjects presented isolated extrasystoles (<4/min). No symptoms of angina pectoris were reported by the patients.
All 20 volunteers successfully completed the protocol with no abnormalities that would contraindicate enrollment in the present study. As summarized in Table 1 , there were no statistically significant anthropometric differences between the two groups of volunteers.
As expected, HR also increased at peak load in both groups when compared to the resting values. However, significantly higher values were detected in the CG (Table  2) . Furthermore, the 1RM test induced a similar significant increase in perceived exertion (Borg scale 0 to 10) in both groups; the resistance load achieved during 1RM was also similar.
Regarding the response to the RE protocol, the criterion for interrupting the protocol for all volunteers was muscle fatigue (Table 2) ; no test was interrupted due to ECG alterations or excessive SBP or HR. SBP as well as HR increased significantly (P < 0.05) in both groups, with no differences between groups.
Both rMSSD and SD1 indexes, which are representative of parasympathetic modulation, presented significant decreases in both groups at peak load compared to resting values. However, regarding the RMSM index, which is representative of total HRV, a significantly higher value was observed in the CADG when comparing at-rest and peak load conditions; a significant intergroup difference was observed at peak load.
All volunteers achieved at least 35% 1RM during the RE protocol, which was the maximum load for 1 volunteer in the CADG; 11 volunteers achieved 40% 1RM (5 of the CG and 6 of the CADG), 7 volunteers achieved 45% 1RM (4 of the CG and 3 of the CADG) and 1 CG volunteer achieved 50% 1RM. The absolute maximum workload did not differ significantly between groups (Table 2) . Figure 1 shows the behavior of rMSSD, SD1, RMSM, and HR during increased RE loads, starting at resting values and continuing until the common maximum load achieved by most volunteers (40% of 1RM resistance load). As shown in Figure 1 , there was a significant reduction in rMSSD and SD1 between rest and 30, 35, and 40% 1RM in both groups (Figure 1 ). The RMSM index was significantly increased between rest and 20% 1RM in the CADG, while no significant increase was observed in the CG. At 30, 35, and 40% 1RM, the rMSSD values were significantly higher in the CADG than in the CG (Figure 1 ). HR increased significantly between rest and 30% 1RM in both groups (P < 0.05).
SBP increased significantly between rest and 30% 1RM in both groups. At 40% 1RM the SBP value at the end of exercise was higher than at rest in both groups, but was significantly higher in the CADG than in the CG, as shown in Figure 2 . The diastolic blood pressure values were stable throughout the protocol in both groups (Figure 2 ). Regarding Data are reported as means ± SEM. CG = control group; CADG = coronary heart disease group; SBP = systolic blood pressure; DBP = diastolic blood pressure; HR = heart rate; HRV = heart rate variability; rMSSD = root mean square of successive differences; RMSM = root mean square of the differences from the mean interval; SD1 = the standard deviation (SD) of the instantaneous beat-to-beat R-R interval variability; G = group effect (CG vs CADG); C = condition effect (rest vs peak); I = interaction between group and condition effects. Statistical analysis was carried out with two-way ANOVA for repeated measurements.
the Borg scale, fatigue symptoms significantly increased beginning at 20% 1RM in both groups. Moreover, the Borg scale results at 40% 1RM were significantly higher in the CADG than in the CG (Figure 2 ).
Discussion
The present study investigated the behavior of cardiac autonomic modulation at different percentages of 1RM in incline bench press RE in individuals with CAD and healthy sedentary age-matched controls. The main findings of this study were: 1) a significant reduction of rMSSD and SD1 indexes, representative of parasympathetic modulation, beginning at 30% 1RM in both groups; 2) a significant increase in RMSM index, representative of total HRV, beginning at 20% 1RM in CADG; 3) a significant increase of HR and SBP beginning at 30% 1RM in both groups.
Regarding the safety of the tests, we observed that neither test (1RM and RE) led to inappropriate signs or symptoms or ECG alterations. Specifically regarding the 1RM test, studies have reported that this type of test is safe and effective for evaluating maximal force in older healthy adults and individuals with CAD (1, 3, (23) (24) (25) . Similarly, we observed no ischemic ECG alterations or complex arrhythmic induction during the upper limb exercise. Moreover, the volunteers reported no symptoms (such as angina) and showed no other manifestations of intolerance.
Regarding the cardiovascular response during the dynamic RE protocol, SBP and HR increased significantly in both groups when comparing the rest period to the peak exercise values. Additionally, rMSSD and SD1 indexes decreased in both groups at peak load. The behavior of cardiovascular variables demonstrated that hemodynamic modifications during dynamic exercise might be dependent Figure 1 . Behavior of variables at resistance increments in percentages of one repetition maximum (1RM). Heart rate variability indexes (A, root mean square of successive differences [rMSSD]; B, root mean square of the differences from the mean interval [RMSM]; C, the standard deviation of the instantaneous beat-to-beat R-R interval variability [SD1]); D, heart rate of the control group (CG) and the coronary artery disease group (CADG) during the incremental protocol. Data are reported as means ± SEM. R = resting on equipment; HR = heart rate; *P < 0.05 in relation to the rest condition; + P < 0.05 comparing the two groups (two-way ANOVA with repeated measures).
on both arterial flow to the musculature involved in the effort and the magnitude of resistance (1RM percentage) (26, 27) .
The rMSSD and SD1 indexes reflect the vagal modulation of HR (9, 22, 28) . The progressive decrease in this index beginning at 30% 1RM in both groups can be explained by a decrease in parasympathetic modulation and, consequently, a predominance of sympathetic modulation at higher intensities (6) . Similarly, Simões et al. (12) observed a significant decrease in SD1 and rMSSD indexes beginning at 30% 1RM in leg resistance exercise that was related to lactate accumulation. They concluded that this intensity (30% of 1RM) was associated with the point at which aerobic metabolism becomes supplemented by anaerobic metabolism. Other investigators have observed that a prevalence of sympathetic modulation of the heart occurs after the anaerobic threshold point has been reached (29) . On this basis, our results suggest that parasympathetic modulation tended to be reduced with increasing loads and became more expressive from 30% 1RM.
The RMSM index reflects both vagal and sympathetic modulation (7, 20) and some investigators consider this index to represent the sympathetic limb of the autonomic nervous system (30) . In the present study, the RMSM index increased after 20% 1RM in the CADG (Figure 1 ), a fact that may suggest sympathetic overmodulation. It is well accepted that autonomic modulation of HR during exercise is mediated by a central command, exercise pressor reflex and arterial baroreflex (31) (32) (33) . However, the findings of Koba et al. (34) suggest that an intensive activation of the central command occurs in myocardial infarction (MI) and leads to an excessive sympathetic outflow. In this context, after acute MI there is a prevalence of sympathetic tonus, which is similar to our finding that suggested overactivity of sympathetic modulation in individuals who suffered MI (CADG). In the CG, the RMSM index tended to increase, a fact that may suggest an increase in sympathetic modulation at a lesser intensity than that observed in the CADG.
Sympathetic predominance is conspicuous during elevated loads and this may explain the increase in SBP and HR beginning at 30% 1RM. This mechanism depends on muscle tension, especially the concentric phase of contraction, which mechanically compresses the peripheral arterial system and causes a decrease in blood flow. The mechanical and metabolic changes can stimulate the afferent fibers of type III and IV musculatures (6) . The metabolic changes combined with reduced blood flow can stimulate type IV fibers, which send information to the ventrolateral medullar region, triggering an increase in sympathetic discharge to the cardiovascular system (35) . Thus, an increase in HR and blood pressure occurs to restore muscle blood flow, which depends on the intensity and the size of the muscle mass involved in the effort (36) .
Upper limb RE led to an increase in perceived exertion that may be explained by the longer duration of each load and the concomitant metabolic changes (37) (38) (39) , which should be investigated in future studies. Throughout the study protocol, the Borg scale was applied to determine perceived exertion and muscle fatigue. Muscle fatigue was more prominent beginning at 20% 1RM in both groups and caused the volunteers to interrupt the exercise.
However, due to the methodological considerations and the nature of the protocol, we considered it important to test whether fatigue could interfere in HRV and symptoms. Our results show that even in long protocols, low-to-moderate intensities of upper limb exercise were feasible and did not induce undesirable signs or symptoms, even in patients with clinically stable CAD. Some limitations of this study should be mentioned. First, the proposed protocol had a relatively long duration (36 repetitions), which may have induced the volunteers to reach peak effort at relatively low loads. However, a substantial period of data collection was necessary to capture the HR signal and a greater number of points for the application of methods for HRV analysis, in accordance with Task Force standards (20) . Thus, the protocol used in this study was not based on the recommended protocols for individuals with CAD, but was designed as a first attempt to analyze the responses of physiological and autonomic control of HR during upper limb RE in this population. Also, the number of repetitions was high and might have caused a cumulative effect during the loads, but the interval between sets was sufficiently long for a return to baseline levels (40) . Further studies are needed to contrast short and long durations of this type of RE on HRV.
Second, we studied just one type of RE that involves only the upper limb muscle groups. However, for a better understanding of physiological responses during RE, studies comparing HRV in upper and lower limbs will be necessary. Third, as blood pressure was measured by the auscultation method after the effort, values may have been underestimated (6) . However, as the method of measurement and the time delay after exercise were constant in all experimental conditions, this aspect should not have affected the study comparisons. Furthermore, although invasive methods for measuring blood pressure are reliable, they are expensive, painful and rarely used in conjunction with RE sessions. Finally, we were concerned about the impact that some medications might have on HRV during RE, especially upper limb RE. However, when analyzing the HRV of volunteers who were on medication, we observed no consistent change in its behavior during the imposed loads. Even among those who were using calcium-channel blockers or ACE inhibitors as antihypertensive agents or were using amiodarone, we observed no differences throughout the loads, and the behavior of rMSSD and RMSM was the same. Although secondary analysis indicated no change in results due to the above-mentioned drugs, because of the small sample size of the study, it is not possible to state categorically that there were no drug-related changes. Thus, we considered it important to show the tendencies of these indexes, since cardiac rehabilitation programs are usually carried out with patients on several medications.
In conclusion, we can infer that, beginning at a load increment of 30% 1RM, a depression in vagal modulation was produced in both groups; however, only stable CAD patients presented sympathetic overactivity at 20% 1RM of upper limb exercise. These results provide a framework for evaluating the effects of HRV changes on upper limb exercise in this population.
